In this study the thermal performance of three different wickless heat pipe solar collectors were investigated by using pure water, watersurfactant and CNT-water nanofluid for different coolant mass flow rates and tilt angles (20 0 , 31.5 0 , 40 0 , 50 0 and 60 0 ). First collector uses only pure water, the second one utilizes CNT nanoparticle of diameter 10-12 nm and 0.1-10 μm length with water as a base fluid. While the third collector uses water with 150 ppm 2-ethyl-hexanol as coolant for the investigation. Experiments were carried out for the three collectors under the same experimental conditions. It is observed that the performance of the solar collector that uses 2-ethyl-hexanol surfactant with water as coolant is better compared to solar collectors that utilize pure water and CNT/water nanofluid.
INTRODUCTION
In a conventional solar collector, tubes containing water as working fluid are attached to the absorber plate. The solar energy is absorbed by the working fluid and transferred to the storage tank either by natural or forced circulation. The drawbacks associated with conventional solar collectors include the pump and its power requirement, more space to obtain the natural circulation of working fluid, night cooling due to reverse flow of cooled water, pipe corrosion and limited heat carrying capacity of working fluid. Heat pipes are found to provide an alternative solution to the above problems.
Heat pipes, contain small amount of vaporizable fluid, transfers heat by evaporating the working fluid in a heating zone and condensing vapor in the cooling zone. Subsequently, the return flow of condensate to the heating zone occurs through the capillary structure which lies in the inner wall of the heat pipe. However, in certain applications, the return flow of the condensate to the heating zone occurs due to the gravity force and termed as gravity assisted heat pipes, wickless heat pipes or thermosyphon. Because of its ability to transfer large quantity of heat energy, the heat pipes has been widely used in several industrial applications, namely boilers, air-conditioning system, heat exchangers and solar water heating system. The wickless heat pipes are usually integrated with flat absorber plate of the solar heating system, to enhance the thermal performance. Numerous studies have been carried out to understand the thermal performance of two phase thermosyphon used in solar water heaters. Mathioulakis and Belessiotis (2002) reported the results obtained through both theoretical simulation and experimental investigation of a solar collector with heat pipes. They have used ethanol as working fluid and obtained the maximum instantaneous efficiency up to 60%.
The thermal performance of a two-phase thermosyphon solar collector with various refrigerants was reported by Esen and Esen (2005) . The thermal performance of the heat pipe with R410A as working fluid was found to be better compared to other refrigerants. The maximum collection efficiencies of solar collector throughout the day were found to be 50.84%, 49.43% and 48.72% for R410A, R407C and R-134a, respectively. The thermal performance of solar collector by using various refrigerants such as: R-134a, R12, and ethanol was reported by Enaburekhan and Yakasai (2009) . The heat pipe that utilizes R-134a as working fluid exhibits maximum collection efficiency compared to other working fluids. Since thermosyphon utilizes phase change of the working fluid to transfer heat, selection of a working fluid is essential to achieve the maximum heat transfer capacity. Initially, Choi (1995) had made an attempt to use nanofluid (nanofluid-suspension) in thermal engineering due to its anomalous heat transfer characteristics. The colloidal suspension of nanoparticles in the base fluid with uniform dispersion is termed as nanofluid. Because of its enhanced heat transfer characteristics, nanofluids have been used in thermosyphon to improve the thermal performance. In an experimental study, Liu et al. (2007) used CuO nanofluids in a closed two-phase thermosyphon to study the thermal performance. The maximum enhancement in heat transfer coefficient and critical heat flux was found to be 160% and 120%, respectively at the optimal nanoparticle concentration of 1%. Liu et al. (2010) carried out experiments to study the thermal performance of closed thermosyphon by using carbon nanotubes (CNT) suspensions as working fluid. The maximum enhancement in heat transfer rate was obtained at optimal nanoparticle mass concentration of 2%. The thermal performance of the closed two-phase thermosyphon by using various nanofluids (titaniumethanol and titanium-water suspension) was reported by Naphon et al. (2008) . The heat transfer enhancement of the thermosyphon with titanium-ethanol suspension was found to be 10.6% higher compared to
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Available at www.ThermalFluidsCentral.org the heat pipe with ethanol. The thermal performance of the heat pipe with titanium-R11 suspension as working fluid was reported by Naphon et al. (2009) . The efficiency of the heat pipe, with optimal nanoparticle mass concentration (0.1%), found to be 1.4 times higher compared to that with the pure refrigerant. Gabriela et al. (2011) reported the comparison of thermal performance by using different working fluids, namely iron oxide-water suspension and deionized water. For 5.3% (by volume) of iron oxide nanoparticle, the heat transfer performance was found to be better compared to the DI water. Liu et al. (2011) carried out experiments to study the thermal performance of open thermosyphon with CuO nanofluids in indoor environment. The CuO nanofluid at 1.2 % mass concentration exhibits maximum enhancement in heat transfer rate compared to the deionized water. reported that CNT/water nanofluid posses excellent heat transfer characteristics and can be used in wickless solar heat pipe collector. The effect of solar tracking system on the performance of solar heat pipe collector was studied through experimental investigation (Chougule and Pise, 2011; . It is evident from the literature that only a few studies (Yuan et al., 2001 and Cheng et al., 2013) has been reported that utilize the water with surfactant as working fluid in the heat pipe solar collector. In view of this, an attempt has been made to study the thermal performance of heat pipe solar collector using 2-ehyl-hexanol surfactant with water as working fluid. The performance of heat pipe with CNT/water nanofluid as working fluid has also been studied in the present investigation. The comparison of thermal performance for nanofluid (CNT/water) and surfactant with water has been made for the given operating condition. Figure 1 shows the schematic of the solar collector with wickless heat pipes. In this study, attempt has been made to evaluate the performance of two phase thermosyphon solar collector using water, CNT/water nanofluid and water/2-ethyl-hexanol surfactant. In view of this, three same size identical collectors have been fabricated for the investigation. Each collector consists of three absorber plate and each absorber plate contains one heat pipe filled with working fluid. The design parameters of various components heat pipe flat plate collectors are summarized in Table 1 . Wickless heat pipes were made of copper tubes with an outer diameter of 12 mm and length of 625 mm. The thickness, width and length of each copper absorber plate are 1 mm, 100mm, and 510 mm, respectively. In order to enhance the ability to absorb the solar radiation, the absorber plates were painted dull black in the present investigation. Each individual wickless heat pipe was brazed to the absorber plate at 120 mm pitch. The heat exchanger, exchanges heat energy from heat pipe to coolant, consists of three interconnected steel collars with an OD of 40 mm, ID of 36 mm and 90 mm long attached around the condensing section of the heat pipes. The three absorber plates with heat pipes and heat exchanger were housed in a collector case of 630 mm length and 360 mm breadth and 100 mm thickness. Thick insulation glass wool behind the absorber plate was used in order to avoid any loss of energy to the surroundings. Transparent glass was used as the upper glazing for the collector.
EXPERIMENTAL METHOD

Experimental Set-up
Experimental Procedure
In the present study PT100 thermo sensors, pyranometer, ambient air sensor and flow meter was used to measure inlet and outlet coolant temperature, solar irradiation ambient temperature and coolant flow rate, respectively. The mass flow rate of cooling water was measured by using a rotameter with an accuracy of ±0.1 l/min. The quantity of cooling water through the heat exchanger of each collector was adjusted by using flow control valve and measured by using a stop watch with ±0.01 s accuracy and by using a graduated glass bottle of tolerance ±1 cm 3 . The temperatures of cooling water, plate and ambient air were measured by using PT100 thermo sensors with an accuracy of ±0.10 0 C.
Data logger was used to measure the temperatures. The instantaneous value of global solar radiation intensity was measured by the pyranometer (Model-DWR 8101, Make-DynaLab).
Fig. 1 Schematic of thermosyphon solar collector
The solar collector was installed on a tiltable stand facing south and tested under outdoor conditions of Kolhapur, India (latitude 16.69 0 N; longitude 74.22 0 E). Experiments were carried out throughout the day from 10:00 a.m. to 4:00 p.m. and values were recorded at each half hour interval. During each test run the solar radiation intensity (I t ), ambient air temperature (T a ), inlet cooling water temperature (T i ) and outlet cooling water temperature (T o ) of each collector were recorded for a fixed mass flow rate.
The experiments were carried into the two groups:
• Tests were carried out throughout the day for various tilt angles, namely, 20 0 , 31.5 0 , 40 0 ,50 0 and 60 0 for a given mass flow rate (0.00125 kg/sec).
• Tests were conducted for varied range of mass flow rates (0.00125 kg/sec and 0.0022 kg/sec) for a given tilt angle The rate of thermal energy input (Q in ), the rate of thermal energy gain (Q g ) and the instantaneous efficiency (η) of each collector were calculated as below,
The energy gain (Q g ) and the efficiency (η) of the collector were calculated by using various the basic quantities such as: mass flow rate of coolant, temperature of inlet and outlet coolant and solar radiation intensity. Considering the errors of various basic quantities, the maximum uncertainty of the energy gain (Q g ) and the efficiency (η) of the collector were found to be less than 2.5% and 6%, respectively.
RESULT AND DISCUSSION
Experiments were carried out to investigate the thermal performance of heat pipe solar collector by using various working fluids for heat pipes such as: pure water, water/2-ethyl-hexanol, CNT/water nanofluid. The results are depicted in Figs. 2-6. The variation of various parameters , namely, the rate of solar energy input, ambient air temperature, inlet cooling water temperature, outlet water temperature and plate temperature for three different wickless heat pipe flat plate solar collectors is shown in Figs. 2-3 . It is observed that the solar intensity increases, reached maximum and then falls with time (Fig.2) . Peak value of solar radiation intensity is found to be different for various tilt angles. The maximum value average solar intensity was observed at 31.5 0 .
Effect of tilt angle
Tests were performed for several tilt angles in three different solar heat pipe collectors under same climatic conditions. First collector uses pure water, second one utilizes CNT/water nanofluid and third collector uses 2-ethyl-hexanol surfactant with water as working fluid. The variation on instantaneous efficiency of three collectors for various tilt angles were shown in Figs. 4(a) -(e). The water and water/surfactant used collectors show enhancement in thermal performance with increase in tilt angle of collector. The average collector efficiency of water and water/surfactant used collectors are low at lower tilt angles and it increases with increase in the tilt angle up to 50 0 angles then it decreases. The average collector efficiency that uses water working fluid is found to be 24%, 27%, 31%, 43% and 35% at 20 0 , 31. 0 tilt angle CNT/water nanofluid used solar collector show higher thermal performance than water/surfactant based heat pipe collector at 20 0 , because of low entrainment limit in CNT-water heat pipes at low tilt angle. The percentage enhancement in CNT/water nanofluid collector at 20 0 is found more than water/surfactant working fluid solar heat pipe collector when compared to water working fluid collector, because of at these tilt angle after vapor condensation in condenser section when condensed vapors are travelling back to evaporator section of heat pipe CNT working fluid offer lower resistance to condensed vapour in case of CNT nanofluid heat pipe collector. For 50 0 tilt angle, the water, CNT/water nanofluid and surfactant/water exhibit the maximum instantaneous efficiency. The maximum instantaneous efficiency of the collector for CNT/water nanofluid and surfactant/water was found to be 69 %( at 50 0 ) and 75 %( at 50 0 ), respectively.
Effect of coolant rate
The test data have been collected from several test runs under quasisteady state condition. The maximum variations in ambient, inlet and outlet temperature for this test period are found to be 0. It is observed that all collector exhibit better performance at higher coolant flow rate. This may be due to fact that, higher coolant flow rate of coolant enhances the condensation amount of vapors inside the heat pipe. This enhances the heat transfer rate for all collectors. With the use of water as working fluid, better performance was obtained because of condensation of more amount of vapour in the condensing section. For CNT/water nanofluid, the performance increases because of higher effective thermal conductivity of nanoparticles in the nanofluid. This enhances the vapour formation and condensation rate in the evaporator and condensing section, respectively. Figure 6 shows the variation of collector efficiency for various working fluids such as: pure water, CNT/water, water/surfactant in the heat pipe of the collector. The experiments were carried out for the given mass flow rate of 0.00125 kg/sec. It may be noted that by curve fitting technique, the collector efficiency with various working fluids (pure water, CNT/water, water/surfactant) can be expressed as a linear function of (T i -T a )/I t . The intersection of the trend line with the vertical efficiency axis gives as absorbed energy parameter ( ( ) F R τα ). At this point, the temperature of the inlet fluid to the collector equals to the ambient temperature and the collector efficiency is maximum. The slope of the trend line indicates the amount of energy removed from the solar collector and equals to F U R L . The intersection point of the trend line with the horizontal axis indicates the zero efficiency point and termed as stagnation point. This situation arises when no fluid flow occurs in the collector. The magnitude of heat removal factor ( F U R L ) and heat absorption factor ( F U R L ) for various working fluids are obtained in the present investigation and summarized in Table 3 . It is observed that the collector that uses water/surfactant and working fluid exhibits highest ( ) F R τα and lowest F U R L among various fluids. This indicates that the thermal performance of solar collector with water/2-ethyl-hexanol is higher followed by CNT/water nanofluid and water as a working fluid in the heat pipe. 
Effect of Heat Loss Factor
CONCLUSIONS
An experimental study has been carried out to investigate the thermal performance of heat pipe solar collector by using different working fluids for heat pipes such as: pure water, water/2-ethyl-hexanol, CNT/water nanofluid. Following conclusions are made from the experimental study and is detailed below:
• The thermal performance of solar heat pipe collector is higher by using water/2-ethyl-hexanol followed by CNT/water nanofluid, water as a working fluid for the heat pipe • The heat transfer rate is found to increase by increasing the tilt angle from 20 0 to 50 0 for both cases, namely, pure water and water/2-ethyl-hexanol. While, the heat transfer rate decreases by increasing the tilt angle beyond 50 0 .
• The heat transfer performance of the solar collector that uses CNT/water nanofluid decreases with the tilt angle ranging from 20 0 -31.5 0 , increases with tilt angle varying from 31.5 0 -50 0 and found to decrease beyond 50 0 .
• Solar heat pipe collector that uses nanofluid as working fluid provides better performance at higher tilt angles (at 50 0 ). The collector will provide improvement in the thermal performance by locating solar heat pipe collector at the place where the angle of getting maximum total solar radiation matches with higher performance tilt angle of solar heat pipe collector. 
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